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Described herein are methods of controlling metal nanoWire 
morphologies by adjusting the reaction conditions of a polyol 
synthesis. In particular, by purging the reaction With an inert 
gas, batch-to-batch consistency can be achieved. 
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METHODS FOR CONTROLLING METAL 
NANOSTRUCTURES MORPHOLOGY 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims the bene?t under 35 U.S.C. 
§119(e) of Us. Provisional Patent Application No. 61/275, 
093 ?led Aug. 25, 2009, Which application is incorporated 
herein by reference in its entirety. 

BACKGROUND 

[0002] This application is related to methods of preparing 
metal nanoWires in a solution-based synthesis While control 
ling the yield and morphology of the same. 

DESCRIPTION OF THE RELATED ART 

[0003] Nano-siZed materials (or nanomaterials) can differ 
markedly from their analogous bulk materials. In particular, 
the physical and chemical properties of nanomaterials corre 
late strongly With their siZe, shape and morphology. As a 
result, material scientists have focused their efforts on devel 
oping simple and effective methods for fabricating nanoma 
terials With controllable morphology (including shapes and 
siZes), hence tailoring their properties. 
[0004] A solution-based synthesis (also referred to as the 
“polyol” synthesis) is reasonably effective in large-scale pro 
duction of metal nanostructures. See, e.g., Sun, Y. et al., 
(2002) Science, 298, 2176; Sun,Y. et al., (2002) Nano LeZZ. 2, 
165; Sun,Y. et al., (2002) Adv. Mater. 14, 833; Kim, F. et al., 
(2004) Angew. Chem. Int. Ed. 116, 3759; and Us. Published 
Application 2005/0056118. The poly synthesis involves the 
reduction of a precursor (e.g., a metal salt) of the metal 
nanostructure by a polyol (e.g., ethylene glycol) in the pres 
ence of poly(vinyl pyrrolidone) (“PVP”). Typically, the 
reduction is carried out at a temperature of no more than 2000 
C. The polyol typically serves dual functions as a solvent and 
a reducing agent. Typically, the morphologies (including the 
shapes and siZes) of the nanostructures formed are in?uenced 
by parameters including relative amounts of PVP and the 
metal salt, concentrations of PVP and the metal salt, reaction 
time, and reaction temperature. 
[0005] According to this method, metal nanostructures of 
various morphologies, including nanocubes, nanoWires, nan 
opyramids and multi-ply tWinned particles, have been 
obtained. HoWever, a common problem of the poly synthesis 
is that a mixture of nanostructures of several shapes is pro 
duced. The problem is compounded by poor reproducibility 
of the process, Which is likely caused by trace amounts of 
contaminants in the constituents of the synthesis. See, e.g., 
Wiley, B. et al., (2004) Nano Len. 4(9), 1733-1739. 
[0006] The poly synthesis has been modi?ed in efforts to 
form nanostructures of uniform shapes and siZes. For 
example, adding a trace amount of chloride to the “polyol” 
process created single crystal truncated cubes and tetrahe 
drons. See, e.g., Wiley, B. et al., (2004) Nano Len. 4(9), 
1733-1739. Using a seed material (e.g., platinum or silver 
nanoparticles) in the “polyol” process generated uniform sil 
ver nanoWires of high aspect ratio (about 1000). Sun, Y. et al. 
(2002) Chem. Mater. 14, 4736-4745. HoWever, the problem 
of producing mixed nanostructures (e. g., the silver nanoWires 
Were accompanied by the formation of silver nanoparticles) 
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persists in the existing methods. Additional separation steps 
are therefore necessary to obtain monodispersed nanostruc 
tures. 

[0007] There remains a need in the art to fabricate nano 
structures With controllable shapes and siZes in an effective 
and reproducible fashion. 

BRIEF SUMMARY 

[0008] Described herein are methods of controlling metal 
nanoWire morphologies by adjusting the reaction conditions 
of a polyol synthesis. In particular, by purging the reaction 
With an inert gas, batch-to-batch consistency can be achieved. 
[0009] One embodiment provides a method of preparing 
metal nanoWires, Which comprises: 
[0010] (a) providing a ?rst reaction mixture by combining 
a polyol solvent, a capping reagent, and an ionic additive in a 
reaction vessel; 
[0011] (b) purging the ?rst reaction mixture With an inert 
gas for a purging time; 
[0012] (c) after (b), providing a second reaction mixture by 
combining the ?rst reaction mixture With a metal salt; and 
[0013] (d) providing a plurality of metal nanostructures by 
reducing the metal salt, Wherein the plurality of metal nano 
structures comprise metal nanoWires at a ?rst yield. 
[0014] In some embodiments, the method comprises heat 
ing the ?rst reaction mixture to a predetermined reaction 
temperature prior to (b). 
[0015] In certain embodiments, purging the ?rst reaction 
mixture includes purging the reaction vessel and forming a 
blanket of inert gas above a top surface of the ?rst reaction 
mixture. In other embodiments, purging the ?rst reaction 
mixture includes sparging the ?rst reaction mixture (i.e., 
directly injecting the inert gas into the ?rst reaction mixture.) 
[0016] In various embodiments, providing the plurality of 
metal nanostructures includes reducing the metal salt While 
purging the second reaction mixture. 
[0017] In certain embodiments, the polyol solvent is ethyl 
ene glycol, 1,2-propylene glycol, 1,3-propylene glycol, or 
glycerol, the capping reagent is poly(vinylpyrrolidone), the 
ionic additive provides a chloride ion (e.g., tetraalkylammo 
nium chloride). 
[0018] In a preferred embodiment, the metal salt is a silver 
salt and the metal nanoWires are silver nanoWires. In other 
embodiments, the plurality of metal nanostructures produced 
by the claimed method includes at least 80% of metal nanoW 
1res. 

[0019] In various embodiments, adjusting the purging time 
results in different morphologies of the metal nanostructures, 
and/or a different yield of the metal nanoWires. 
[0020] A further embodiment provides a method compris 
ing: 
[0021] (a) providing a ?rst plurality of metal nanoWires 
having a target mean length, a target mean diameter, or a 
target yield, Wherein the ?rst plurality of metal nanoWires are 
prepared in a ?rst polyol solvent by a ?rst polyol synthesis 
that includes purging With an inert gas for a ?rst purging 
period, and Wherein the ?rst polyol solvent is provided from 
a ?rst manufacturer lot; 
[0022] (b) providing a second plurality of metal nanoWires 
having the target mean length, the target mean diameter, or 
the target yield, Wherein the second plurality of metal nanoW 
ires are prepared in a second polyol solvent by a second 
polyol synthesis that includes purging With an inert gas for a 
second purging period, and Wherein the second polyol solvent 
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is chemically identical to the ?rst polyol solvent and is pro 
vided from a second manufacturer lot, Wherein the ?rst purg 
ing period differs from the second purging period. 
[0023] In various embodiments, the ?rst polyol synthesis 
and the second polyol synthesis are otherWise carried out in 
substantially the same conditions. 
[0024] In certain embodiments, providing the second plu 
rality of metal nanoWires having the target mean length, the 
target mean diameter, or the target yield includes selecting the 
second purging period by running one or more test polyol 
syntheses in the second polyol solvent; providing a mean 
length, a mean Width or a yield for respective resulting metal 
nanoWires of each test polyol synthesis; and identifying the 
second purging period as corresponding to the test polyol 
synthesis that produces metal nanoWires having the target 
mean length, target mean Width or the target yield. 
[0025] In certain speci?c embodiments, the ?rst polyol 
synthesis is of a smaller reaction scale than that of the second 
polyol synthesis. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0026] In the draWings, identical reference numbers iden 
tify similar elements or acts. The siZes and relative positions 
of elements in the draWings are not necessarily draWn to scale. 
For example, the shapes of various elements and angles are 
not draWn to scale, and some of these elements are arbitrarily 
enlarged and positioned to improve draWing legibility. Fur 
ther, the particular shapes of the elements as draWn are not 
intended to convey any information regarding the actual 
shape of the particular elements, and have been selected 
solely for ease of recognition in the draWings. 
[0027] FIGS. 1A-1C illustrate schematically the nucleation 
and groWth of nanostructures of different morphologies in a 
poly synthesis. 
[0028] FIG. 2 shoWs the reaction products of mixed nanoW 
ires and nanoparticles according to a standard poly synthesis. 
[0029] FIG. 3 schematically illustrates a one-dimensional 
groWth of a nanoWire With the assistance of a capping agent. 
[0030] FIGS. 4A-4D illustrate various embodiments in 
Which various chloride additives are used in modi?ed poly 
syntheses. 
[0031] FIGS. 5A-5F shoW a progression of the nanoWire 
formation at different reaction times. 
[0032] FIG. 6 shoWs the reaction products of an embodi 
ment in Which no ionic additive is present. 
[0033] FIG. 7 shoWs an embodiment in Which 1,2-propy 
lene glycol Was used as the reducing solvent. 
[0034] FIG. 8 shoWs an embodiment in Which 1,3-propy 
lene glycol Was used as the reducing solvent. 
[0035] FIG. 9A shoWs the batch-to-batch variations in 
mean Widths of silver nanoWires formed by polyol syntheses 
and the effect of nitrogen purging. 
[0036] FIG. 9B shoWs the batch-to-batch variations in 
mean length of silver nanoWires formed by polyol syntheses 
and the effect of nitrogen purging. 
[0037] FIG. 9C shoWs the batch-to-batch variations in 
yields of silver nanoWires formed by polyol syntheses and the 
effect of nitrogen purging. 
[0038] FIG. 9D shoWs a plurality of nanostructures pro 
duced by a polyol synthesis Without nitrogen purging. 
[0039] FIG. 10A shoWs the effects of lot-to-lot variations of 
propylene glycol on the reaction time of otherWise identical 
polyol syntheses. 
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[0040] FIG. 10B shoWs the effects of lot-to-lot variations of 
propylene glycol on the mean length of the nanoWires pro 
duced by otherWise identical polyol syntheses. 
[0041] FIG. 10C shoWs the effects of nitrogen purging time 
on the mean lengths of silver nanoWires produced by a polyol 
synthesis using a ?xed propylene glycol lot. 
[0042] FIG. 11 shoWs the effects of nitrogen purging times 
on silver nanoWire length distribution for a ?xed propylene 
glycol lot. 
[0043] FIG. 12A shoWs the effects of nitrogen purging or 
sparging on the mean length of silver nanoWires produced by 
a polyol synthesis. 
[0044] FIG. 12B shoWs the effects of nitrogen purging or 
sparging on the mean Width of silver nanoWires produced by 
a polyol synthesis. 

DETAILED DESCRIPTION OF THE INVENTION 

[0045] Provided herein are methods of controlling nano 
structure morphologies When produced in a polyol synthesis. 
In particular, various embodiments provide methods of pro 
ducing nanoWires at high yields With batch-to-batch consis 
tency. 

Nanostructure Morphologies 

[0046] Provided herein is a method for isolating and puri 
fying nanostructures of certain morphologies from a mixture 
of nanostructures of various morphologies. In particular, sub 
stantially all of the puri?ed metal nanostructures have aspect 
ratios of 10 or more. 

[0047] As used herein, “conductive nanostructures” or 
“nanostructures” generally refer to electrically conductive 
nano-siZed structures, at least one dimension of Which is less 
than 500 nm, more preferably, less than 250 nm, 100 nm, 50 
nm, or 25 nm. Typically, the nanostructures are made of a 
metallic material, such as an elemental metal (e.g., transition 
metals) or a metal compound (e.g., metal oxide). The metallic 
material can also be a bimetallic material or a metal alloy, 
Which comprises tWo or more types of metal. Suitable metals 
include, but are not limited to, silver, gold, copper, nickel, 
gold-plated silver, platinum, and palladium. 
[0048] The nanostructures canbe of any shape or geometry. 
The morphology of a given nanostructure can be de?ned in a 
simpli?ed fashion by its aspect ratio, Which is the ratio of the 
length over the diameter of the nanostructure. For instance, 
certain nanostructures are isotropically shaped (i.e., aspect 
ratio:1). Typical isotropic nanostructures include nanopar 
ticles. In preferred embodiments, the nanostructures are 
anisotropically shaped (i.e., aspect ratio#1). The anisotropic 
nanostructure typically has a longitudinal axis along its 
length. Exemplary anisotropic nanostructures include 
nanoWires, nanorods, and nanotubes, as de?ned herein. 
[0049] The nanostructures can be solid or holloW. Solid 
nanostructures include, for example, nanoparticles, nanorods 
and nanoWires. “NanoWires” typically refers to long, thin 
nanostructures having aspect ratios of greater than 10, pref 
erably greater than 50, and more preferably greater than 100. 
Typically, the nanoWires are more than 500 nm, more than 1 
pm, or more than 10 um long. “Nanorods” are typically short 
and Wide anisotropic nanostructures that have aspect ratios of 
no more than 10. 

[0050] HolloW nanostructures include, for example, nano 
tubes. Typically, the nanotube has an aspect ratio (length: 
diameter) of greater than 10, preferably greater than 50, and 



US 2011/0048170 A1 

more preferably greater than 100. Typically, the nanotubes 
are more than 500 nm, more than 1 pm, or more than 10 um in 
length. 
[0051] Nanostructures of higher aspect ratio (e.g., nanoW 
ires) are particularly favored over nanostructures of loWer 
aspect ratio (no more than 10) because the longer the nano 
structures, the feWer needed to achieve a target conductivity. 
FeWer nanostructures in a conductive ?lm also leads to higher 
optical transparency and loWer haze, both parameters ?nding 
a broad range of applications in display technology. More 
over, the Width of nanoWires also directly affects ?lm con 
ductivity, namely, at a given loading level of metal, the thinner 
the nanoWires, the less conductive is the resulting ?lm. 
[0052] Conductive netWorks of nanoWires are optically 
transparent because nanoWires comprise a very small fraction 
of the ?lm. In particular, the length and Width of nanoWires 
Will affect the optical transparency and light diffusion (haze) 
of the resulting transparent conductor ?lms because nanoW 
ires absorb and scatter light. To form a transparent conductor 
in Which nano structures form a conductive netWork, it may be 
desirable to reduce the amount of nanostructures that have 
loWer aspect ratio than that of nanoWires because the loW 
aspect ratio nanostructures may not effectively contribute to 
conductivity, and their presence may contribute to haze. As 
used herein, “loW aspect ratio nanostructures” includes, for 
example, nanostructures that are relatively Wide and/ or short 
(e.g., nanoparticles, nanorods), and have a relatively small 
aspect ratio (<10). Some or all of these loW aspect ratio 
nanostructures may be seen as “bright objects” in a conduc 
tive ?lm due to their bright appearance on dark ?eld micro 
graphs. The bright objects may, thus, signi?cantly increase 
the haze of the conductive ?lm. 

Standard Polyol Synthesis and Modi?cation by Adding Chlo 
ride Ions 

[0053] FIGS. 1A-1C schematically illustrate the formation 
of nanostructures in a standard polyol synthesis. At an initial 
stage (FIG. 1A), a metal salt is reduced to elemental metal 
atoms by a polyol solvent (e. g., ethylene glycol) in a solution 
phase 10. In general, the metal atoms initially form small 
particulate seeds 14 through a homogeneous nucleation pro 
cess. These particulate seeds typically have diameters in the 
range of 1-5 nm. Some of these seeds proceed to groW in the 
solution phase 10 into isotropic nanostructures 20, Which 
result from a groWth that progresses indiscriminately in all 
dimensions. In contrast, some seeds groW into anisotropic 
nanostructures 24, Which result from a preferential groWth 
along a lateral dimension. As shoWn in FIG. 1C, the isotropic 
nanostructures 20 and anisotropic nanostructures 24 continue 
to groW into larger structures While maintaining their basic 
morphologies. Nanoparticles 30 and nanoWires 34 are 
obtained. It is noted that during the groWth process, smaller 
particles are less stable and typically spontaneously dissolve 
and contribute to the groWth of the larger particles. See, e.g., 
U.S. Published Patent Application No. 2005/0056118, 
[0054] Although reaction conditions such as the reaction 
time and temperature can be adjusted to bias the formation of 
the nanoWires, the standard polyol process fails to produce 
uniform nanoWires in satisfactory yields. FIG. 2 is an image 
of the reaction products of a standard polyol process using 
silver nitrate as the precursor. As shoWn, both nanoWires and 
nanoparticles are present. 
[0055] The addition of a suitable ionic additive (e.g., tet 
rabutylammonium chloride), Which provide a chloride ion to 
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the above reaction mixture, Was found to increase the yield 
and monodispersity of the resulting nanoWires. This modi?ed 
poly synthesis is described in more detail in applicants’ co 
oWned and co-pending US. patent application Ser. No. 
11/766,552, Which application is incorporated herein in its 
entirety. 
[0056] As used herein, “metal salt” refers to a neutral com 
pound having a positively charged metal ion and a negatively 
charged counterion. The counterion may be inorganic or 
organic. Exemplary metal salts include, Without limitation: 
silver nitrate (AgNO3), silver acetate ((CH3 COO)2Ag), silver 
perchlorate (AgClO4), gold perchlorate (Au(ClO4)3), palla 
dium chloride (PdCl2), platinum chloride (PtCl2), and the 
like. Typically, the metal salt is soluble in the reducing solvent 
(e.g. ethylene glycol) and dissociates into oppositely charged 
metal ion and counterion. Typically, the solubility of the 
metal salt in the reducing solvent is at least 0.001 g/ml, at least 
0.05 g/ml, or at least 0.1 g/ml. 
[0057] Reduction of the metal salt in the above reaction 
mixture produces corresponding elemental metal. The 
elemental metal crystallizes or groWs into a one-dimensional 
nanostructure (i.e. nanoWires). Suitable metal nanoWires 
therefore include, Without limitation, silver, gold, copper, 
nickel, palladium, platinum, and gold-plated silver nanoW 
1res. 

[0058] “Capping agent” refers to a chemical agent that 
preferentially interacts and adheres to a lateral surface of a 
groWth nanoWire such that the capping agent con?nes the 
lateral surface from groWing and encourages a cross-section 
surface of the nanoWire to crystallize. FIG. 3 schematically 
illustrates a one-dimensional groWth of the groWing nanoWire 
36. The groWing nanoWire 36 includes the lateral surface 37 
and the cross-section surface 38. The capping agent 39 inter 
acts With the lateral surface 36 more strongly than it does With 
the cross-section surface 38. The lateral surface 36 is thus 
passivated While the cross-section surface 38 is available for 
further crystallization to produce the nanoWire. Examples of 
the capping agent include, Without limitation, poly(vinyl pyr 
rolidone), polyarylamide, polyacrylic, and any of the copoly 
mers thereof. 

[0059] “Reducing solvent” refers to a polar solvent in 
Which the metal salt, the ionic additive and the capping agent 
are soluble. In addition, the reducing solvent functions as a 
reducing agent to transform the metal salt to its corresponding 
elemental metal. Typically, the reducing solvent is a chemical 
reagent comprising at least tWo hydroxyl groups. Examples 
of the reducing solvents include, Without limitation, diols, 
polyols, glycols, or mixtures thereof. More speci?cally, the 
reducing solvent can be, for example, ethylene glycol, 1,2 
propylene glycol, 1,3-propylene glycol, glycerin, glycerol, 
and glucose. 
[0060] “Ionic additive” refers to a salt additive comprising 
a cation and an anion. The cation and anion are associated by 
ionic interaction and dissociate in polar solvents such as 
Water, alcohol, diols and polyols (including ethylene glycol, 
1,2-propylene glycol, 1,3-propylene glycol, glycerin, glyc 
erol, and glucose). The cation can be organic or inorganic. 
The anions are typically inorganic. Exemplary anions include 
halides (Cl', Br“, I“, F“), phosphate (PO43_), sulfate (SO42_), 
hydrogen sulfate (HSO4_), aryl and alkyl sulfonates (RSO3_), 
and the like. The ionic additive may further include its corre 
sponding acids, i.e., the cation is a proton. 
[0061] In certain embodiments, the ionic additive is a qua 
ternary ammonium chloride. As used herein, “quaternary 
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ammonium chloride” refers to ammonium chloride (NH4+ 
C1‘) in Which all four hydrogens have been replaced by an 
organic group. Thus, the quaternary ammonium chloride can 
be typically represented by formula NR4+Cl_, Wherein each R 
is the same or different and independently an alkyl, alkenyl, 
alkynyl, aryl, or aralkyl. 
[0062] “Alkyl” refers to monovalent saturated hydrocarbon 
structure of betWeen 1 and 20 carbons, in Which the carbons 
are arranged in either a linear or branched manner. LoWer 
alkyl refers to alkyl groups of 1 to 5 carbon atoms. Examples 
of loWer alkyl groups include methyl, ethyl, propyl, isopro 
pyl, butyl, s- and t-butyl and the like. Examples of alkyl 
groups of longer chains include octyl(C8), decyl(C 1O), dode 
cyl(C12), cetyl(Cl6), and the like. When an alkyl residue 
having a speci?c number of carbons is named, all geometric 
isomers having that number of carbons are contemplated; 
thus, for example, “butyl” is meant to include n-butyl, sec 
butyl, isobutyl and t-butyl; propyl includes n-propyl and iso 
propyl. 
[0063] Unless speci?ed otherWise, the alkyl can be option 
ally substituted With a halogen (F, Br, C1 or 1), alkoxy, amine, 
and the like. 

[0064] “Alkenyl” refers to a monovalent hydrocarbon 
structure of betWeen 2 and 20 carbon atoms With at least one 
double bond. Examples include, Without limitation: ethenyl, 
propenyl, butenyl, pentenyl, hexenyl, butadienyl, pentadi 
enyl, and the like. Unless speci?ed otherWise, the alkyl can be 
optionally substituted With a halogen (F, Br, C1 or 1), alkoxy, 
amine, or the like. 
[0065] “Alkynyl” refers to a monovalent hydrocarbon 
structure of betWeen 2 and 20 carbon atoms With at least one 
triple bond. Examples include, Without limitation: ethynyl, 
propynyl, butynyl, pentynyl, hexynyl, methylpropynyl, 
4-methyl-1-butynyl, 4-propyl-2-pentynyl, and the like. 
[0066] “Alkoxy” refers to a radical of the formula *0 
alkyl. Examples include methoxy, ethoxy, propoxy, isopro 
poxy, and the like. LoWer-alkoxy refers to groups containing 
one to ?ve carbons. 

[0067] “Aryl” refers to optionally substituted phenyl or 
naphthyl. Exemplary substituents for aryl include one or 
more of halogen, hydroxy, alkoxy, amino, mercapto, or the 
like. 
[0068] “Aralkyl” refers to an alkyl residue substituted With 
at least an aryl group. The aralkyl canbe typically represented 
by the formula aryl-alkyl-. Exemplary aralkyls include, With 
out limitation, phenylmethyl (i.e., benZyl), or phenylethyl 
group. 
[0069] Exemplary ionic additives therefore include, With 
out limitation: tetramethylammonium chloride (TMAC), tet 
rabutylammonium chloride (TBAC), cetyl trimethylammo 
nium chloride (CTAC), CS-Cl8 alkyl dimethyl benZyl 
ammonium chloride, methyl trioctylammonium chloride 
(i.e., Aliquat 336®), and the like. 
[0070] Quaternary ammonium ions (NR4+) are perma 
nently charged cations that typically are not in?uenced by the 
pH of their environment. They are soluble in the reducing 
solvent, as de?ned herein. Moreover, they are compatible 
With the capping agent (e.g., PVP and its copolymers) due to 
the organic moieties present. 
[0071] The quaternary ammonium ions differ from inor 
ganic cations in their effects on the formation of silver nanoW 
ires in the modi?ed polyol process. More speci?cally, the 
presence of a quaternary ammonium-based ionic additive 
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encourages a predominantly anisotropic groWth of nano struc 
tures to produce nanoWires in relatively high yield and rela 
tively high monodispersity. 
[0072] FIGS. 4A-4D shoW images of silver nanoWire for 
mations using various chloride-based ionic additives, includ 
ing HCl, ZnCl2, MgCl2, and TBAC, respectively. All the 
reactions Were carried out by initially mixing 0.1M AgNO3, 
0.15M PVP and 0.001M of the chlorides at room temperature 
(25° C. to 40° C.). The reaction mixture Was then heated to 
about 160° C. Typically, nanostructures (nanoWires and/or 
nanoparticles) Were formed rapidly after a brief induction 
period (10-30 minutes). The products Were collected after 
about 30 minutes. 
[0073] FIGS. 4A-4C shoW that silver nanoWires Were 
formed accompanied by varying degrees of other nanostruc 
tures (e.g., nanoparticles). FIG. 4D, by comparison, shoWs 
uniform silver nanoWires of betWeen 3 and 100 um long With 
little or no nanoparticle formation. The yield of the silver 
nanoWires is therefore particularly optimiZed using TBAC as 
the additive, With high overall yield and high monodispersity. 
[0074] The anion (i.e., chloride) in the ionic additive also 
plays an important role in controlling the nanoWire formation. 
It is found that ionic additives based on other halides (e.g., 
bromide), do not have the same effect as the chloride-based 
ionic additive. For example, using cetyl trimethylammonium 
bromide in the place of cetyl trimethylammonium chloride 
produces only nanoparticles. 
[0075] It has been further observed that the concentrations 
of the constituents in the reaction mixture have a certain 
impact on the formation of the nanostructures and their 
yields. For example, the metal salt in the reaction mixture is 
typically in the range of about 0.01M to 0.2M, more prefer 
ably 0.05M to 0.1M, for an optimal yield of nanoWires. In 
addition, the concentration of PVP is typically in the range of 
0.01M to 0.2M, more preferably, 0.05M to 0.15M. 
[0076] In various embodiments, the concentration of the 
quaternary ammonium chloride in the reaction mixture is in 
the range of 0.001M to 0.5 M. Preferably, the concentration is 
less than 0.1M to avoid precipitation. Typically, the relative 
molar ratio betWeen the quaternary ammonium chloride and 
the metal salt is about 0.1% to 10%, more preferably, about 
0.5% to 1%. 

[0077] The reaction temperature in?uences the yields and 
length of the metal nanoWires formed. Typically, the metal 
salt, PVP, and the ionic additive are mixed in a polyol solvent 
(e.g., ethylene glycol or propylene glycol) at a ?rst tempera 
ture to provide a reaction mixture. The ?rst temperature can 
be in the range of about 20° C. to 40° C. The reaction mixture 
is thoroughly mixed before it is heated to a second tempera 
ture. The second temperature is typically maintained in a 
range of about 50° C. to about 200° C., more typically, at 
about 150° C. to 160° C. At temperatures higher than 170° C., 
shorter nanoWires Were formed as compared to the nanoWires 
formed at loWer temperatures. 
[0078] The yield and length of the metal nanoWires pro 
duced by the modi?ed polyol process are further controlled 
by the reaction time. FIGS. 5A-5F illustrate a progression of 
the nanoWire formation visualiZed at x100 DF. Samples Were 
taken from the reaction mixture at the reaction times indi 
cated. Each sample Was cooled in an ice bath to halt the 
groWth of the nanostructures. FIG. 5A shoWs that Within an 
initial induction period (about 7 minutes), minute particles 40 
(e.g., seeds) Were formed. As shoWn in FIGS. 5B-5D, in the 
next 3 minutes, nanoWires 44 rapidly took shape. At 15 min 
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utes into the reaction, longer nanoWires 48 populated the 
reaction mixture (FIG. 5E). Thereafter, an additional 5 min 
utes yielded more nanoWires (FIG. SF). The reaction Was 
completed Within 30 minutes, Whereby no more nanoWires 
Were formed even With prolonged reaction time. 
[0079] FIG. 6 shoWs a comparative polyol synthesis in eth 
ylene glycol Without any ionic additive. As shoWn, almost no 
nanoWires Were formed. 
[0080] The choice of solvent may also in?uence the mor 
phologies of the nanoWires. For example, 1,2-propylene gly 
col leads to faster nanoWire groWth than ethylene glycol While 
glycerol shoWs sloWer reaction rates. FIGS. 7-8 (correspond 
ing to Examples 8 and 9, respectively) shoW the results of the 
modi?ed polyol synthesis in 1,2-propylene glycol and 1,3 
propylene glycol. 

Nitrogen Purge 
[0081] The above-described standard and modi?ed polyol 
syntheses are both carried out in the presence of air. Although 
both processes may be optimiZed to produce predominantly 
nanoWires, a small but signi?cant population of nanostruc 
tures other than nanoWires is produced. For example, besides 
metal nanoWires, metal nanostructures of various morpholo 
gies, including nanoparticles, nanocubes, nanorods, nanopy 
ramids and multi-ply tWinned particles, may also have been 
obtained. This problem is compounded by poor reproducibil 
ity of the process, Which results in batch-to-batch variations 
of nanoWire morphologies. This is due, at least in part, to a 
poor control of the reaction kinetics in the presence of air. For 
example, in the modi?ed polyol synthesis, the reaction is 
manually monitored by sampling the reaction mixture and 
characterizing the nanoWire morphologies. The reaction is 
typically quenched if the nanoWire morphologies satisfy cer 
tain target criteria With respect to the length and Width. HoW 
ever, the visual characterizations of the nanoWire morpholo 
gies rely on the subjective evaluations of the operator of the 
reaction, Which leads to poor reproducibility in nanoWire 
morphologies and yields from batch to batch. For example, if 
the reaction is quenched too soon, the target morphology 
Would not have been achieved. If, on the other hand, the 
reaction is quenched too late, a range of bright objects Would 
form. Once formed, these bright objects are very difficult to 
separate from the nanoWires of desired morphologies due 
primarily to similarities in mass. As discussed herein, these 
bright objects, Which are typically nanostructures With loW 
aspect ratios, may cause an increase in haZe in the ?nal 
conductive ?lm. 
[0082] Thus, it has been found that such manual reaction 
control is less effective in its attempt to reach the target 
nanoWire morphology While reducing the incidence of form 
ing loW aspect ratio nanostructures. As a result, the yield of 
nanoWires With target morphologies may vary from batch to 
batch and may be as loW as 25% in some cases. 

[0083] One embodiment provides a method for controlling 
nanoWire morphologies in a polyol synthesis by purging the 
reaction vessel With an inert gas prior to the metal salt reduc 
tion. Surprisingly, such an inert gas purge reduces or elimi 
nates the batch-to -batch variation of the nanoWire morpholo 
gies and yields. 
[0084] More speci?cally, one embodiment provides a 
method of preparing metal nanoWires comprising: 
[0085] (a) providing a ?rst reaction mixture by combining 
a polyol solvent, a capping reagent, and an ionic additive in a 
reaction vessel; 
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[0086] (b) purging the ?rst reaction mixture With an inert 
gas for a purging time; 
[0087] (c) after (b), providing a second reaction mixture by 
combining the ?rst reaction mixture With a metal salt; and 
[0088] (d) providing a plurality of metal nanostructures by 
reducing the metal salt, Wherein the plurality of metal nano 
structures comprise metal nanoWires at a ?rst yield. 

[0089] In a preferred embodiment, the inert gas is nitrogen. 
It should be understood that Where nitrogen purging is 
described, other inert gas or noble gas such as argon can also 
be used. 

[0090] As used herein, “purging” refers to displacing one 
type of reaction atmosphere With another. In particular, in a 
polyol synthesis described herein Which involves reducing a 
metal salt in a polyol solvent, purging refers to displacing the 
air that is present in a reaction vessel With an inert gas prior to 
the reduction reaction. For example, nitrogen purging may 
comprise purging the reaction vessel and forming a blanket of 
inert gas above a top surface of a ?rst reaction mixture com 
prising all reactants except for the metal salt. In other embodi 
ments, nitrogen purging may comprise sparging the ?rst reac 
tion mixture. As used herein, “sparging” refers to a type of 
purging that directs the inert air into a liquid phase, e.g., the 
reaction mixture. Typically, sparging can be carried out by 
bubbling the inert gas into the reaction mixture. 
[0091] In some embodiments, prior to purging, the method 
further comprises heating the ?rst reaction mixture to a pre 
determined reaction temperature. Typically, the temperature 
is about 70° C. to 1400 C., or preferably 800 C. to 1200 C. 

[0092] In other embodiments, after purging for the initial 
purging time, the purging continues after the metal salt is 
added and lasts the entire duration of the reaction. 

[0093] In various embodiments, the polyol solvent is eth 
ylene glycol, 1,2-propylene glycol, 1,3-propylene glycol, or 
glycerol. The capping reagent is poly(vinylpyrrolidone) and 
the ionic additive is a tetraalkylammonium chloride. 

[0094] In any of the described embodiments, the metal salt 
is preferably a silver salt and the metal nanoWires are silver 
nanoWires. 

[0095] In various embodiments, the yield of the metal 
nanoWires is at least 80%, more preferably, at least 85%, at 
least 90% or at least 95%. As used herein, “yield” refers to the 
amount of the metal nanoWires relative to metal added to the 
reaction mixture in the form of metal salt. 

[0096] FIGS. 9A-9C shoW the effects of the nitrogen purg 
ing in the nanoWire morphologies in a number of different 
reactionbatches (80 total). FIG. 9A shoWs the mean nanoWire 
Widths in 40 reaction batches (1-40) Without nitrogen purge as 
Well as those in 40 reaction batches (41-80) With nitrogen 
purge. The upper control limit (UCL) and the loWer control 
limit (LCL) are de?ned as plus and minus three standard 
deviations from the average Width, respectively. As shoWn, in 
the absence of the nitrogen purge, the nanoWire Widths varied 
in a larger degree (larger difference betWeen the UCL and 
LCL) than the variations in the nanoWire Widths obtained 
With nitrogen purge. Similarly, FIG. 9B shoWs the batch-to 
batch variations in length are also greatly reduced in the 
reaction batches With nitrogen purge (41-80) as compared to 
those in reaction batches Without nitrogen purge (1-40). Sig 
ni?cantly, FIG. 9C shoWs that the yields of the nanoWires in 
the reaction batches With nitrogen purge (41-80) are substan 
tially higher and With much less variation as compared to 
those in the reaction batches Without nitrogen purge (1-40). 
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[0097] As a comparison, FIG. 9D shows the collection of 
nanostructures in a prior art polyol synthesis that Was not 
purged With an inert gas. Instead, the reduction reaction takes 
place in the presence of air. As shoWn, bright objects (60), 
Which are short and With relatively loW aspect ratios, are 
frequently present among long and thin nanoWires (70). 
These bright objects Would likely result in conductive ?lms 
With an unacceptably high level of haZe. 
[0098] Thus, it is demonstrated that a polyol synthesis 
purged With an inert gas, e.g., nitrogen and argon, prior to the 
reduction reaction, lead to much more reproducible nanoWire 
morphologies, higher yields of nanoWires, and feWer nano 
structures With loW aspect ratios. 
[0099] It is further discovered that, even When the inert gas 
purges for a ?xed period of time at a ?xed ?oW rate, the 
resulting nanoWire morphologies could be highly dependent 
on the particular manufacturer lot of the polyol solvent (e.g., 
1,2-propylene glycol, or PG). FIG. 10A shoWs that in tWo 
separate reactors, the total reaction times for reaching the 
desired nanoWire morphologies vary from lot to lot of PG 
(A-D). Some lots of PG Would result in shorter reaction times 
and shorter and thinner nanoWires, While other lots of PG 
Would produce longer nanoWires With longer reaction times. 
See also FIG. 10B. 
[0100] FIG. 100 shoWs that for a ?xed lot of PG, different 
nitrogen purging times prior to the addition of the metal salt 
and subsequent start of the reaction result in different nanoW 
ire lengths. In particular, as the purging time increases, 
shorter but more uniform nanoWire lengths Were obtained. 
Thus, in some embodiments, adjusting the length of purging 
time results in different morphologies of the metal nano struc 
tures. In other embodiments, adjusting the purging time 
results in a different yield of the metal nanoWires. 
[0101] FIG. 11 shoWs that adjusting the purging time also 
results in different siZe distributions of the nanoWire mor 
phologies. In particular, the longer the purging time, the nar 
roWer the length distribution, Which may be manipulated to 
achieve certain target morphologies (e. g., length of about 10 
pm). 
[0102] Thus, another embodiment provides a method of 
compensating for the lot-to -lot variations of the raW materials 
of the nanoWire synthesis by adjusting the purging times of 
the inert gas, thereby reducing or eliminating the impact on 
the nanoWire morphologies due to the lot-to-lot variations in 
the raW materials. The polyol solvent (e. g., PG) is typically a 
main source of variations because its amount signi?cantly 
outWeighs all the other raW materials. HoWever, any raW 
material may introduce a certain degree of lot-to-lot varia 
tions, Which may be similarly addressed by adjusting the inert 
gas purging time. 
[0103] More speci?cally, the method comprises: 
[0104] (a) providing a ?rst plurality of metal nanoWires 
having a target mean length, a target mean diameter, or a 
target yield, Wherein the ?rst plurality of metal nanoWires are 
prepared in a ?rst polyol solvent by a ?rst polyol synthesis 
that includes purging With an inert gas for a ?rst purging 
period, and Wherein the ?rst polyol solvent is provided from 
a ?rst manufacturer lot; 
[0105] (b) providing a second plurality of metal nanoWires 
having the target mean length, the target mean diameter, or 
the target yield, Wherein the second plurality of metal nanoW 
ires are prepared in a second polyol solvent by a second 
polyol synthesis that includes purging With an inert gas for a 
second purging period, and Wherein the second polyol solvent 
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is chemically identical to the ?rst polyol solvent and is pro 
vided from a second manufacturer lot, Wherein the ?rst purg 
ing period differs from the second purging period. 
[0106] In various embodiments, the ?rst polyol synthesis 
and the second polyol synthesis are otherWise carried out in 
substantially the same conditions. 
[0107] Typically, a target morphology of the metal nanoW 
ires can be pre-selected in order to satisfy certain speci?ca 
tions of the transparent conductors formed of the metal 
nanoWires. For example, co-oWned and co-pending U.S. 
application Ser. No. 11/ 871,053 provides a detailed analysis 
of the correlation betWeen nanoWire morphology and sheet 
resistance in nanoWire-based transparent conductors, Which 
application is incorporated herein by reference in its entirety. 
[0108] The ?rst and second polyol solvents are chemically 
identical in that they have the same chemical characteristics 
and properties. They only differ from each other to the extent 
of the lot-to-lot variations that may arise from varying degrees 
of the impurities and dissolved oxygen levels in any given 
manufacturer lot. For example, as shoWn in FIGS. 10A and 
10B, lots A-D Were propylene glycol supplied by the same 
manufacturer (DoW Chemical Company, Midland, Mich.), 
yet they produced nanoWires of different morphologies from 
identically run reactions. 
[0109] A further embodiment provides a method of achiev 
ing a target nanoWire morphology by running one or more test 
polyol syntheses in the second polyol solvent to determine the 
length of purging time. In particular, smaller reaction scales 
can be initially run for the second polyol solvent of the second 
lot, in Which the only variables are purging times, and the 
nanoWires produced can be analyZed. The purging time that is 
associated With nanoWires of the target morphologies can be 
used in running a large scale reaction. 

Ink Compositions 

[0110] To prepare a nanostructure netWork layer, a liquid 
dispersion of the nanostructures can be deposited on a sub 
strate, folloWed by a drying or curing process. The liquid 
dispersion is also referred to as an “ink composition” or “ink 
formulation.” The ink composition typically comprises a plu 
rality of nanostructures and a liquid carrier. 
[0111] Because anisotropic nanostructures of high aspect 
ratio (e.g., greater than 10) promote the formation of an 
e?icient conductive netWork, it is desirable that the nano 
structures of the ink composition uniformly have aspect ratios 
of greater than 10 (e.g., nanoWires). HoWever, in certain 
embodiments, a relatively small amount of nanostructures 
With aspect ratios of 10 or less (including nanoparticles), as a 
by-product of the nanoWire synthesis, may be present. Thus, 
unless otherWise speci?ed, conductive nanostructures should 
be understood to be inclusive of nanoWires and nanoparticles. 
Further, as used herein, unless speci?ed otherWise, “nanoW 
ires,” Which represent the majority of the nanostructures in 
the ink composition and the conductive ?lm based on the 
same, may or may not be accompanied by a minor amount of 
nanoparticles or other nanostructures having aspect ratios of 
10 or less. 

[0112] The liquid carrier can be any suitable organic or 
inorganic solvent or solvents, including, for example, Water, a 
ketone, an alcohol, or a mixture thereof. The ketone-based 
solvent can be, for example, acetone, methylethyl ketone, and 
the like. The alcohol-based solvent can be, for example, 
methanol, ethanol, isopropanol, ethylene glycol, diethylene 
glycol, triethylene glycol, propylene glycol, and the like. 
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[0113] The ink composition may further include one or 
more agents that prevent or reduce aggregation or corrosion 
of the nanostructures, and/ or facilitate the immobilization of 
the nanostructures on the substrate. These agents are typically 
non-volatile and include surfactants, viscosity modi?ers, cor 
rosion inhibitors, and the like. 
[0114] In certain embodiments, the ink composition 
includes surfactants, Which serve to reduce aggregation of the 
nanostructures. Representative examples of suitable surfac 
tants include ?uorosurfactants such as ZONYL® surfactants, 
including ZONYL® FSN, ZONYL® FSO, ZONYL® FSA, 
ZONYL® FSH (DuPont Chemicals, Wilmington, Del.), and 
NOVECTM (3M, St. Paul, Minn.). Other exemplary surfac 
tants include non-ionic surfactants based on alkylphenol 
ethoxylates. Preferred surfactants include, for example, 
octylphenol ethoxylates such as TRITONTM (X100, X114, 
x45), and nonylphenol ethoxylates such as TERGITOLTM 
(DoW Chemical Company, Midland Mich). Further exem 
plary non-ionic surfactants include acetylenic-based surfac 
tants such as DYNOL® (604, 607) (Air Products and Chemi 
cals, Inc., AllentoWn, Pa.) and n-dodecyl [3-D-maltoside. 
[0115] In certain embodiments, the ink composition 
includes one or more viscosity modi?ers, Which serve as a 
binder that immobiliZes the nanostructures on a substrate. 
Examples of suitable viscosity modi?ers include hydrox 
ypropyl methylcellulose (HPMC), methyl cellulose, xanthan 
gum, polyvinyl alcohol, carboxy methyl cellulose, and 
hydroxy ethyl cellulose. 
[0116] In particular embodiments, the ratio of the surfac 
tant to the viscosity modi?er is preferably in the range of 
about 80 to about 0.01; the ratio of the viscosity modi?er to 
the metal nanoWires is preferably in the range of about 5 to 
about 0.000625; and the ratio of the metal nanoWires to the 
surfactant is preferably in the range of about 560 to about 5. 
The ratios of components of the ink composition may be 
modi?ed depending on the substrate and the method of appli 
cation used. The preferred viscosity range for the ink compo 
sition is betWeen about 1 and 100 cP. 

Conductive Films 

[0117] A nanostructure netWork layer is formed folloWing 
the ink deposition and after the liquid carrier is at least par 
tially dried or evaporated. The nanostructure netWork layer 
thus comprises nanostructures that are randomly distributed 
and interconnect With one another. The nanostructure net 
Work layer often takes the form of a thin ?lm that typically has 
a thickness comparable to that of a diameter of the conductive 
nanostructure. As the number of the nanostructures reaches 
the percolation threshold, the thin ?lm is electrically conduc 
tive and is referred to as a “conductive ?lm.” Other non 
volatile components of the ink composition, including, for 
example, one or more surfactants and viscosity modi?ers, 
may form part of the conductive ?lm. Thus, unless speci?ed 
otherWise, as used herein, “conductive ?lm” refers to a nano 
structure netWork layer formed of netWorking and percolative 
nanostructures combined With any of the non-volatile com 
ponents of the ink composition, and may include, for 
example, one or more of the folloWing: viscosity modi?er, 
surfactant, and corrosion inhibitor. In certain embodiments, a 
conductive ?lm may refer to a composite ?lm structure that 
includes said nanostructure netWork layer and additional lay 
ers such as an overcoat or barrier layer. 

[0118] Typically, the longer the nanostructures, the feWer 
nanostructures are needed to achieve percolative conductiv 
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ity. For anisotropic nanostructures, such as nanoWires, the 
electrical percolation threshold or the loading density is 
inversely related to the length2 of the nanoWires. Co-pending 
and co-oWned U.S. patent application Ser. No. 11/871,053, 
Which is incorporated herein by reference in its entirety, 
describes in detail the theoretical, as Well as empirical, rela 
tionship betWeen the siZes/shapes of the nanostructures and 
the surface loading density at the percolation threshold. 
[0119] The electrical conductivity of the conductive ?lm is 
often measured by “?lm resistivity” or “sheet resistance,” 
Which is represented by ohm/square (or “SQ/B”). The ?lm 
resistance is a function of at least the surface loading density, 
the siZe/ shapes of the nanostructures, and the intrinsic elec 
trical property of the nanostructure constituents. As used 
herein, a thin ?lm is considered conductive if it has a sheet 
resistance of no higher than 108 Q/B. Preferably, the sheet 
resistance is no higher than 104 Q/B, 3,000 Q/B, 1,000 Q/B, 
or 100 Q/B. Typically, the sheet resistance of a conductive 
netWork formed by metal nanostructures is in the ranges of 
from 10 Q/@ to 1000 Q/B, from 100 Q/@ to 750 Q/B, from 
50 Q/U to 200 Q/U, from 100 Q/U to 500 Q/U, from 100 
Q/U to 250 Q/U, from 10 Q/U to 200 Q/U, from 10 Q/U to 
50 Q/B, or from 1 Q/@ to 10 Q/B. 
[0120] Optically, the conductive ?lm can be characterized 
by “light transmission” as Well as “haZe.” Transmission refers 
to the percentage of an incident light transmitted through a 
medium. The incident light refers to ultra-violet (UV) or 
visible light having a Wavelength betWeen about 250 nm to 
800 nm. In various embodiments, the light transmission of the 
conductive ?lm is at least 50%, at least 60%, at least 70%, at 
least 80%, at least 85%, at least 90%, or at least 95%. The 
conductive ?lm is considered “transparent” if the light trans 
mission is at least 85%. HaZe is an index of light diffusion. It 
refers to the percentage of the quantity of light separated from 
the incident light and scattered during transmission (i.e., 
transmission haZe). Unlike light transmission, Which is 
largely a property of the medium (e. g., the conductive ?lm), 
haZe is often a production concern and is typically caused by 
surface roughness and embedded particles or compositional 
heterogeneities in the medium. In various embodiments, the 
haZe of the transparent conductor is no more than 10%, no 
more than 8%, no more than 5%, or no more than 1%. 

[0121] The overcoat, With or Without a corrosion inhibitor, 
also forms a physical barrier to protect the nanoWire layer 
from the impacts of temperature and humidity, and any ?uc 
tuation thereof, Which can occur during a normal operative 
condition of a given device. The overcoat can be one or more 

of a hard coat, an anti-re?ective layer, a protective ?lm, a 
barrier layer, and the like, all of Which are extensively dis 
cussed in co-pending U.S. patent application Ser. Nos. 
11/871,767 and 11/504,822. Examples of suitable overcoats 
include synthetic polymers such as polyacrylics, epoxy, poly 
urethanes, polysilanes, silicones, poly(silico-acrylic), and so 
on. Suitable anti-glare materials are Well knoWn in the art, 
including, Without limitation, siloxanes, polystyrene/PMMA 
blend, lacquer (e.g., butyl acetate/nitrocellulose/Wax/alkyd 
resin), polythiophenes, polypyrroles, polyurethane, nitrocel 
lulose, and acrylates, all of Which may comprise a light dif 
fusing material such as colloidal or fumed silica. Examples of 
protective ?lms include, but are not limited to: polyester, 
polyethylene terephthalate (PET), acrylate (AC), polybuty 
lene terephthalate, polymethyl methacrylate (PMMA), 
acrylic resin, polycarbonate (PC), polystyrene, triacetate 
(TAC), polyvinyl alcohol, polyvinyl chloride, polyvinylidene 
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chloride, polyethylene, ethylene-vinyl acetate copolymers, 
polyvinyl butyral, metal ion-crosslinked ethylene-meth 
acrylic acid copolymers, polyurethane, cellophane, polyole 
?ns, or the like; particularly preferable are AC, PET, PC, 
PMMA, or TAC. 
[0122] The various embodiments described herein are fur 
ther illustrated by the following non-limiting examples. 

Examples 

Example 1 

Modi?ed Polyol ProcessiMicroscale 

[0123] In a 10 ml vial, 0.5 ml solution ofAgNO3 in ethylene 
glycol (0.1M) Was combined With 0.5 ml solution of PVP in 
ethylene glycol (0.15M) and 0.5 ml solution of tetrabutylam 
monium chloride in ethylene glycol (0.001 M) at room tem 
perature (25° C.). The vial Was dipped into an oil bath (190° 
C.) for 20-30 minutes for the reaction to complete. Grey and 
iridescent reaction products Were obtained. Visualization 
under a microscope (x100 DF) indicated uniform nanoWires 
Were formed. 

[0124] The reaction products Were alloWed to settle to the 
bottom of the vial and the ethylene glycol Was removed. The 
reaction products Were dried, and the reaction products Were 
then re-suspended in 5 ml deionized Water. The suspension 
Was ?ltered through a glass frit (Fine, 4-6 um, Kontes). The 
retentate (containing nanoWires Which could not ?lter 
through the frit) Were dried and Weighed. 
[0125] Further analysis of the reaction products indicated 
that they Were substantially nanoWires, With no or very feW 
nanoparticles. 
[0126] The silver nanoWires produced had a mean diameter 
of 7518 nm, and an average length of 9712.6 pm. 

[0127] The microscale reaction described herein Was 
highly reproducible Which consistently yielded a high per 
centage of silver nanoWires. 

Example 2 

Without Ionic Additive 

[0128] As a comparison, the reaction of Example 1 Was 
carried out Without the tetrabutylammonium chloride addi 
tive. As shoWn in FIG. 6, only nanoparticles Were obtained. 

Example 3 

Modi?ed Polyol ProcessiLarge-Scale 

[0129] In a 1000 ml ?ask, 4.171 g PVP (MW:50,000, 37.6 
mmol), 70 mg tetrabutylammonium chloride (0.25 mmol), 
and 4.254 gAgNO3 (25 mmol) Were mixed in 500 ml ethylene 
glycol. The reaction mixture Was stirred at room temperature 
(25° C.) for 15 minutes before the ?ask Was heated With a 
heating mantle set to 200° C. The internal temperature of the 
reaction mixture Was controlled at about 150° C. Within 30 
minutes, the reaction mixture turned into a grey and iridescent 
suspension of silver nanoWires. The silver nanoWires pro 
duced had a mean diameter of 6217 nm, and an average length 
of 8511.9 pm. There Were no precipitate or nanoparticles 
formed (see, e.g., FIG. 4D). 
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[0130] The large-scale reaction described herein Was 
highly reproducible. 

Example 4 

Comparative ResultiStandard Polyol Process 

[0131] For comparison purposes, silver nanoWires Were 
also prepared according to the method described in Us. 
Published Patent Application No. 2005/ 00561 1 8. More spe 
ci?cally, 5 ml ethylene glycol Was preheated at 160° C. 3 ml 
of AgNO3 solution in ethylene glycol (0.085M) and 3 ml of 
PVP solution in ethylene glycol (0.13M) Were simulta 
neously added to the preheated ethylene glycol. The reaction 
mixture Was heated and maintained at 1 60° C. for 40 minutes. 
The resulting products Were observed as a mixture of nanoW 
ires and nanoparticles, shoWn in FIG. 2. 

Example 5 

Modi?ed Polyol ProcessiLarge-Scale 

[0132] In a 5000 ml ?ask, 49.98 g PVP (MW:50,000, 450 
mmol), 0.84 g tetrabutylammonium chloride (3 mmol), and 
51.02 g AgNO3 (300 mmol) Were mixed in 3000 ml ethylene 
glycol. The PVP Was thoroughly dispersed in about 1/3 of the 
ethylene glycol With a high shear mixer before being added 
into the reaction ?ask. The reaction mixture Was stirred at 
room temperature (25° C.) for 15 minutes before the ?ask Was 
heated With a heating mantle set to 200° C. The internal 
temperature of the reaction mixture Was controlled at about 
140° C. Within 30 minutes, the reaction mixture turned into a 
grey and iridescent suspension of silver nanoWires. The silver 
nanoWires produced had a mean diameter of 82.61223 nm, 
and an average length of 14.1:8.1 um. There Were feW nano 
particles formed. 
[0133] The large-scale reaction described herein Was 
highly reproducible. 

Example 6 

Modi?ed Polyol ProcessiLoWer Temperature 

[0134] In a 100 ml ?ask, 0.42 g PVP (MW:50,000, 3.76 
mmol), 0.07 ml tetrabutylammonium chloride (0.25 mmol), 
and 0.43 g AgNO3 (2.5 mmol) Were mixed in 50 ml ethylene 
glycol. The reaction mixture Was stirred at room temperature 
(25° C.) for 15 minutes before the ?ask Was heated in an oven 
set to 80° C. Without stirring. Within 2 Weeks, the reaction 
mixture turned into a grey and iridescent suspension of silver 
nanoWires. The silver nanoWires produced had a mean diam 
eter of 62:18 nm, and an average length of 43:20 um. The 
reaction products Were predominantly long, thin nanoWires. 

Example 7 

Modi?ed Polyol Processi1,3-Propylene Glycol 
Solvent 

[0135] In a 1000 ml ?ask, 4.17 g PVP (MW:50,000, 37.6 
mmol), 72 mg tetrabutylammonium chloride (0.25 mmol), 
and 4.25 g AgNO3 (25 mmol) Were mixed in 500 ml 1,2 
propylene glycol. The reaction mixture Was stirred at room 
temperature (25° C.) for 15 minutes before the ?ask Was 
heated With a heating mantle set to 200° C. The internal 
temperature of the reaction mixture Was controlled at about 
160° C. Within 30 minutes, the reaction mixture turned into a 






